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ABSTRACT . . 
0 .. 
The 3700 A - 3000 A absorption spectra of CH3CHO and its 
isotopic compounds such as CH3CDO, CD3CHO and CD3CDO were 
studied in the gas phase at room temperature and low 
temperatures. The low resolution spectra of the compounds 
were recorded by a 1.5 m Baush and Lomb grating spectro-
graph . The high resolution spectra were recorded by a 
Ebert spectrograph with the Echelle grating and the 
holographic grating separately. The multiple reflection 
cells were used to achieve the long path length. The 
pressure-path length used for the absorption spectrum 
of CH 3CHO was up to 100 mm Hg )( 91 . 43mo The emission 
spectrum and the excitation spectrum of CH 3CHO were also 
recorded in this research. The calculated satellite 
band patterns \vhich were ob-tailied by the method of Lewis 
were used to compare with the observed near UV absorption 
spectrum of acetaldehyde. These calculated satellite 
band patterns belonged to two cases: namely, the barriers-
i 
in-phase case and the barriers- out-of-phase case. 
Each of the calculated patterns corresponded to a 
stable conformation of acetaldehyde in the excited 
state . The comparisons showed that the patterns in 
the observed absorption spectra corresponded to the 
H-H eclipsed conformations of acetaldehyde in the 
excited state . The leas t squares fitting analysis 
showed that the barrier heights in the excited state 
were higher than in the ground state . Finally, 
the isotopic shifts for the isotopic compounds of 
acetaldehyde were compared to the compounds with 
the similar deuterium substitution . 
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CHAPTER 1 
IN'11RODUCTION 
Acetaldehyde is isoelectronic with formyl fluoride HFCO. 
Its excited electronic state is similar to that of formaldehyde 
H2CO, so that its electronic transition is the analogue of 
N ,., 
that in H2CO. A weak absorption (A.- X) of acetaldebyde 
o 0 
vapor between 3500 A and 2500 A belongs to the excitation of 
an electron in the nonbonding orbital to the xt antibonding orbital(l) 
From some previous studies on the acetaldehyde absorption 
spectrum(2-6) , it has been found that those bands at longer 
wavelengths have complicated fine structure while those bands 
at shorter wavelengths are more di f fuse. 
The assignment of the 0-0 band at 3204 A by Rao and R~O(5) 
shows that there is an interval of 1125 cm-1 which corresponds 
to the 0-0 stretching frequency between the pr06ressions in t he 
spectrum . 
The fluo r esence spectrum of CH3CHO was studi ed by Murad(7) • 
• It was found that the short wavelength emission limit at 3515 A 
/I 
was very close to t he long wavelength absorption limit at 3483 A • 
By comparing the absorption and emission curves of CH3CHO, Innes 
and Giddings(6) concluded that the origin of tfue transition 
was probably at 3484 A (28700 cm-l ) ~~d a 480 cm-l interval 
was assigned to the al:d:ehyde hydrogen out-of-pl ane mode. 
1 
By using the Herzberg-Teller theory, Worden(8)studied 
the effect of deuterium substitution on the intensity of the 
n ~~·transition in acetaldehyde and found that the intensity 
change with isotopic substitution was roughly proportional to the 
change in vibrational frequency. Horeover , Worden con<iluded 
.. 
that the change in intensity of the n~~ transition was a result 
from the mixing of electronic states by the vibrations which 
involved either the aldehyde hydrogen ( deuterium) out-of-plane 
bending vibration or the combination of this vibration 
with some other vib~ational modes . 
Acetaldehyde is an asymmetric rotor molecule. The 
molecule exhibits not only an overall rotation and ~ibration, 
but also an internal rotation. The methyl group of the. -mc;lecule 
rotates with respect to the ClIO group about an axis lying on 
the single plane of symmetry. The axis of the internal rotation 
is the same as the symmetric axis of the methyl group. This 
internal rotation is hindered by a threefold potential barrier 
(10) 
of 1.16 Kcal I mole. 
Several people have attemped to determine the torsional 
(9 .. 12) 
barrier of CH3CHO • Two methods have been used 
successfully for this purpose . The first one is a microwave 
splitting-intensity method. The second method is to directly 
observe the torsional transitions in the far-infrared region. 
Both methods generate similar values of the barriers to 
internal rotation of methyl group for CH3CHO and its isotopic 
2 
3 
compounds (ll). To ultilize t hese methods, it is necessary 
to know certain parameters of t he molecules, such as the 
principal moments of inertia, the moment of inert ia of the 
methyl group about its axis of symmetry, and the direct cosines 
of the methyl group symmetric axis with r espect to t he principal 
axis. 
Lewis et al(13) developed a computer program to determine 
the energy levels of molecules which have a periodic potential 
function of the form V=}2 Z. V n ( I-COS n¢ ) • The transition 
energies and the relative int ensities of ,certain transitions 
were obtained from this program by inputing values of t he reduced 
rotati onal constant and t he potential barrier height. A satellite 
band patt ern for t he internal rotation was formed by plotting 
the values of intensities against the values of transition energies. 
Gorden et al(14) studied the n ~~· trans ition from the 6900 A 
absorption spec t rum of CF~NO at vari ous temperatures . By using 
:J 
the method of Le'ods, Gorden compared the observed a.nd the 
calculated satellite band structures in this absorption system 
and found that t hose band structures were well ma tched when the 
barriers were assumed to be out of phase with re s pect to each 
other . Hence, Gorden concluded that this electronic excitation 
( n ~7C. ) was accol11panied by the conformational c hanges which 
included the change in the phase of t he barr ier to internal 
rotation . 
Since both CH3CHO and CF3NO belong to the Cs group 
and the internal rotational barrier of CH3CHO is not large 
enough to stabilize the di ffere nt confo rmations which are 
f ormed by the torsional motion , the conformat i onal changes 
of CH3CHO are expected to be active in the n""'TC~ transi tion. 
The weak absorption of CH3CHO mentioned above s hould involve 
transitions between the torsional levels in t he two electronic 
states . 
The objectives of this research are to compare the observed 
satellite band pat t ern in the near ultraviolet absorption spectrum 
of CH3CHO with a calculated pattern which is adapted from Levlis ' s 
method and to study the effect of deuterium substitution on t he 
appearance of t he absorption s pe ctra. 
4 
-' 
CHAPTER 2 
THEORETICAL 
( A) Torsional Barrier He ight ~ 
According to the theory described by Durig , Craven 
and Harris , l~:> , the potential energy of the internal 
rotation about a single bond is a periodic function of the 
angle of rotation. The symmetric top ( CH3 ) of ac e taldehyde 
has a single t hre e f old symme tric axis and t hus the potential 
function can be written as 
v (¢) = ~ V3 ( 1 - COS 3¢ ) + ~ V6 ( 1 - COS 6¢ ) + ···(1) 
, where ¢ is the angle of rotati on, V3 is the heigh t of the 
t hreefold barrier , and V6 is t he sixfold term. The value 
of V6 is very s mall when compared with V3 • The potential 
function is t hen adequately represented by the f irst ter m only. 
v (¢) = Y2 V3 ( 1 - COS 3¢ ) ( 2 ) 
The Hamiltonia~~,written by He rschbach ('~) i s re presented 
by the following equa tion : 
~ = 1fr + F ( p - P ) 2 + V (¢) 
The firs t term, '1f'l" in equation ( 3) is the Hamiltonian 
I -
for t he ri gi d rotor and is expr es sed by equati on ( 4 ). 
~ 2 2 
;rt'Y' = A p~ + B Py + C Pz (4 ) 
Equation (4) involves t he c omponents of t he total angular 
momenta such as P , P and P along the principal axes and x y z 
the r otat ional cons tants such as A , Band C. In t he second 
term in equation (3) , F is t he internal rotation c onstant and 
5 
is expressed by equation (5) 
F = ~ ( ~ 2 / Ir ) 
where Ir is the r educed moment of inertia for t he relative 
motion of the /two groups . Ir can be calculated from equa-
tion (6) , 
::> 
I .,.= I ce. ( 1- ?1'-i l ot: / Ii ) 
.... 
(6) 
where I ~ is the moment of inertia of t he methyl group about 
its symmetric axis , I . is the moment of i nertia of the 
~ 
whole molecule about its principal axis and ?\ . is the 
~ 
direction cosine between the top axis and the principal 
axis . 
The operator (p - P ) in the sec ond term of equation (3) 
is the relative angular momentum of t he top and the frame . 
If the cross term - 2FpP is neglected and the term Fp2 is 
combined into Jfr , the Hamiltonian for the torsional motion ... d'f~ ) 
is separated and r epresented by equation (7) , 
1{~ 
= 
Fp2 + 12 V3 ( 1 - COS 3 ¢ ) (7) 
lllhen equation (7) is substituted into the Schrtldinger wave 
equation for one dimension , the wave equat i on becomes 
;;> 
F ~-~(~) + ( E - 12 V 3 ( 1 .. cas 3 ¢ ) ) 'f (¢) = 0 
Equation ( 8) is compared with the Mathieu equat ion , 
2 2 d Y ( ) ( 9) 
- 2 + b - s COS X Y = 0 
d X 
where b is an eigenvalue of the Hathieu equation and s 
is a dimensionless parame ter of the Mathieu equation. 
( 8 ) 
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These t wo equati ons can be transfor me d into one 
another by substituting t heir va riables : 
y = '/' (¢) 
2X = 3¢ + 7C. 
b = 4/9 ( El F ) 
S = 4/9 ( V3 IF) ( 10) 
The ene rgy levels for hindered r e tation are 
E =(9/4)Fb (11) 
Both E and b are governed by the tor s ional quantum number v 
and t he sublevel index 0- , so that these paremeters can 
be wri tte rn as Ev O' and bv ()o. • 
The energy leve l for each torsional quantum number v 
gives two sublevels . One o f t hese is the non- degenera te A 
level having t he value of if' which equals zero , and t he 
other is t he doubly degenerate E level having the value 
of ~ which equals ± 1 • 
The observed infrared fr equency co~responding to t he 
transit ion between two energy l evels is calculated by 
equat i on (12) . 
(1 2) 
I f A bv 0'- is obtained by equation (1 2) then . the yal ue of s 
can be obtained from the t able of solutions (~/) from 
the Ma t hi eu equa tion (9) . The barrier height can t hen 
be ca lculated by using equation (1Jl . 
= (9/4) Fs 
( B) Torsional Energy Levels and Wave Functions 
( 13) 
By using the method of J . D. Lewis , the internal 
rotation constant F is expanded into a series 
(14) 
For the convenience of calculation , the wave equation (8) in 
part (A) is divided by the first term FO in equation (14), 
while V6 ' F3 and the other higher order terms are set to 
zero, with the Hamiltonian for torsional motion becoming 
c1{ = 
t 
8 
The eigenvalue for the wave equation such as ~t~(¢) = ~~(¢) 
is given by A = Ev O\ / FO • 
The Hamiltonian matrix for equation (15) can be set 
up in the basis set of equations. In the case of free rotor, 
the basis set is represented by 
-Jz im¢ 
'l'm(¢) = (2 7t ) e ,where m= O, :t: 1 , • • (16) 
and it can be transformed into the sine and cosine basis sets 
by using the Wang (27) transformation . 
The matrix is then factored into three blocks, 
according to the symmetry species ~ • 
If NB is the number of basis functions and v is the 
torsional quantum number, the basis functions are represented 
9 
as follow 
for odd a1 levels ( A COS Block ) 
tv,a1=~ a 
n 
nv 
COS n ¢ v= 0,2, •••• (17) 
n= 0,3,6, ••• 
for odd a2 levels ( A SIN 
t/' v, az.= ~ bnv SIN n 50 
n 
and for even e levels 
Block ) 
v= 1,3, 
n= 3,6, 
... (18) 
... 
f v,e = ~ Cnv COS n ¢ v= 0,1,2,.. (19) 
n n= 3,6,12,15, •• 
The element of the NBxNB Hamiltonian matrix is 
calculated by using equation (20) • 
(20) 
The diagonalization of the resulting matrix yields both 
eigenvalues and eigenvectors for the wave function. 
( C) Sel ection Rules for the Electronic Transition 
The selection rules for electronic transitions are 
e ....... e 
The transitions are labelled by v' " v and A or 
:t~ is for a _ a or e - e • 
10 
( D) Intensities 
The transition intensities are calculated by multipying 
the Frank- Condon factor by the a ppropriate Boltzman factor . 
The Frank- Condon factor is represented by equat i on (21) , 
Frank- Condon factor :: ( < ~' I 'P";> ) 2 (21) 
" f where ~ and ~ are the wave functions for ground sta te and 
excited state respectively. 
The Boltzman factor is represented by equation (22) , 
" Boltzman factor = Exp ( - E / kT ) (22) 
11 
where E is the energy difference in the ground state, k is 
the Boltzman constant and T is the absolute temperature . 
CHAPTER 3 
BXPERIH:2N TAL 
(A) Reagent s 
CH36HO - Reagent grade acetaldehyde was obtained 
fro m BDH chemical Ltd . 
CH3CDO , CD3CHO , CD3CDO - The isotopic com.pounds 
i 11 1-gram bulba \V'ere ol)t a ined f r om Merck 
Sharp and Dohme Canada Ltd . 
(B) Apparatus 
( a) Sample Cell 
1 . 2 m Multi ple Reflection Cell 
This cell is 2 m long and 10 cm in diameter . Its 
optical sy~tem is similar to t ha t de s cribed by White( 16) . 
The low temperature control system is also constructed 
with the cell . In t his system , t he multiple reflection 
cell is surrounded by an insulated jacket. Liquid nitrogen 
is used as t he coolant and is conta ined in a dewar . The 
liquid nitrogen is f orced t hrough the rubber tubing to 
a copper manifold and i s distributed uniformly a l ong 
the inner wall . The f low rate of the coolant is controll ed 
by a mercury bubbl er . The temperat ure of the s ystem 
is measured by using a copper - constantan thermocouple 
which is at t ac hed to a potentiometer. The l ow temper-
11 
-' 
ature system of the multiple reflection cell is 
illustrated in Fi g 1 • The de tailed description 
can be found in t he paper published by Biernacki , 
(17) Moule and Neale • 
2 . 20 foot It/hite Type Multi ple Reflection Cell 
This cel l is 20 feet long and 6 inches in 
diameter and i s made o f aluminium . Its optical 
system is similar t o bhat fo r the 2 m multiple 
12 
r efl ec tion cell. The focuss ing s crews are constru cted 
at the outside of the cell • 
3 . T - Shaped Emission Cell 
This T Shaped cell is 1 inch in diameter. The 
length of the longer ( horizontal ) side of t he 
cell i s 10 in and the length of the shorter ( vertical) 
side is 5 in . There are , plane quartz windows 
attached to 3 : sides of t he cell . 
( b ) Light Source 
1. 450 vlatt Xenon Are Lamp ( ~10del c-60- 50 ) 
-made by Oriel Opt ical Corp_, Stamford , Conn . 
2 . 1000 lt1att Xenon Arc Lamp ( Nodel BF-1 000-1 3 ) 
- made by Christrie electric Corp ., Los Angeles, Calif . 
3 . 250 Watt Xenon-Mercury Arc Lamp ( Model C-72-20 ) 
- made by Oriel Optics Corp, Stamford , Conn . 
Fig. 1 The Low Temperature "System of 2 m Multiple 
Reflection Cell 
1 - Mirror 
2 - Adjusting Screw 
3 - Clamp 
4 - Cell 
5 - Steel Inner Wall 
6 - Wooden Outer Box 
7 - Polyurethane Foam 
8 - Thermocouple 
9 - Rubber Tubing 
10 - Copper Manifold 
11 - Mercury Bubbler 
12 - Dewar of Liguid Nitrogen 
13 
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(c) Spe c trograph 
1 . 1 . 5 m Ba ush and Lomb Grating Spe ctrograph 
The length of this s pectrograph is 1 . 5 m • 
Its grating has a size of 76 . 2 mm~38 . 1 mm and 
is ruled vdth 450 grooves per mm . The range of 
" 
. 
this s pe ctrograph is 1850 A - 3700 A in 2 nd order 
" " and 3700 A 
-
7LtOO A in the first or der . Its dispersion 
• is 7 . 5 A / mm and i t s resolving power i s 70 , 000 
in 2 nd order . 
2 . Ebert Grating Spectrograph 
The Ebert gr a ting speatrogr aph has a focal 
length of 20 ft . The aperture for this spectro-
gr aph is f/47 ( with Echelle grating ) . Two kinds 
of gr a ting have been used wi th this spectrograph . 
The f irst one is an Echelle 'gnating and the s econd 
one in an holographic grating. The description of 
the gr a tings is as foll ows 
i . Echelle grat i ng -
The model number of this grating is NO. 35- 53- 32- 45 . 
The grating has a size of 128 mm ~ 256 mm and is 
• I 
blazed a t 63 26 • The number of gr ooves per mm 
on t he grating is 300 . The resolving power of 
the Eber t spectrogr aph using this grating is 
in e xcess 400 , 000 in 17 t h order . The dispersion 
• 
of the spectrograph i s 0 . 065 A /mm. 
.' 
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ii. Holographic grating -
This grating was obtained from J . Y. Optics Ltd . 
Its area is 110 mm )<. 110 mm and the number 
of greoves per mm is 4000. The r esolving 
power of the Ebert spectrograph by using t his 
grating is 300,000 . 
3 . 1 m Czerny-Turner Spectrograph ( model 78- 460 ) 
This spectrometer is made by the Jarrell-Ash company. 
The focal length of this spectrometer is one meter . 
Its grating has an area of lOa mm )(. 102 mm '.vhich 
is ruled with 1180 grooves/mm. The aperture of this 
o 
spec trometer is f18. 7 and its dispersion is 8 . 2 A/mm 
in the firs t order . The Jarrel l - Ash recording 
elect r onic system ( model 82- 110 ) is used to 
record the s i gnals which are detected by the 
photomultipier at t he exit slit of t he spectrometer . 
4 . 0 . 25 m Ebert Monochromator ( model 82- 410 ) 
This monochromator is made by the Jarr ell-Ash 
company. Its focal l ength is 0 . 25 m and its aperture 
is f/3 . 6 . Its grating has a size of 64 mm )( 61+ mm 
and is rul ed with 1180 grooves/mm , and is bl azed at 
.. 0 
3000 A • Its dispe r sion is 33 A / mm. 
(c) Procedure 
( a ) The Low Resolution Absorption Spectrum of 
Acetaldehyde at Room Temperature 
The vapour of CH~HO was purified by bulb 
to bulb distillation on the vacuun line and was 
transfer red directly to the 2 m multiple reflection 
cel~ . The light path length for the multiple 
reflection was selected a t 64 m. The spectrum 
was photographed by the 1. 5 m Baush and Lomb grating 
spectrograph. The slit of the s pectrograph was set 
at 30 r . Kodak spectrum analysis SA NO . 1 film 
was used to record the second order spectrum. 
The iron emission lines were used as wavelength 
standards by recording the light from the hollow 
cathode lamp on top of the spectrum. The range of 
the spectrum corresponding to the various vapour 
pressures are shown in Table 1 . The absorption 
spectra of the isotopic compounds such as CH3CDO , 
CD3CHO and CD3CDO ,-"ere recorded by using the same 
procedure as for CH3CHO, except without further 
purification. 
The long path length and low resolution 
absorption spectrum of CH3CHO was obtained with 
16 
the 1.5 m Baush and Lomb grating spectrograph 
by using the 20 ft White type multiple reflection 
cell. The vapour pressure of CH 3CHO in the cell 
was 100 mm Hg and the path length was 91.43 m. 
Table 1 
Spectrum Range v.s. Vapour Pressure 
• 
17 
Range (A) Vapour Pressure (mm Hg ) 
3700 - 3554 200 
3554 - 3515 100 
3515 - 3460 50 
3460 - 3427 28 
3427 
- 3369 10 
3369 - 3310 5 
3310 - 3250 2 
3250 - 3216 1 
3216 - 3000 0.5 
( b) The Low Resolution Absorption Spectrum of 
Acetaldehyde at Low Temperatures 
The apparatus in t his part was as same 
as that described in part (a). The low 
temperature control system was added and 
t he temperatur e was adjusted to change from 
_53 D c to - 85 °c . The temperature of t he system 
" covering the range from 3700 to 3000 A was 
shown in Table 2. 
The procedures for the isotopic compounds 
such as CD3CHO and CD3CDO were similiar to that 
for CH3CHO . 
Table 2 
Spectrum Range v . s . Temperature in the system 
° Range ( A ) Tempera ture ( ~ c ) 
3700 
3427 
3369 
3310 
3427 
3369 
3310 
3000 
- 53 
- 62 
- 75 
85 
'O--____________ ~ __ _4C__ ____ -_ -- ~" 
( c) The High Resolution Spectrum of Acetaldehyde 
at Room Temper~~ 
1. The 17 th order absorption spectrum of 
CH3CHO was recorded with the 20 ft Ebert 
spectrograph. The grating of the Ebert spe ctro-
graph was ~ Echel1e grating . and a silica prism 
19 
was used as the order sorter. The reading from 
the rotatary table of the prism was 16 . 32 • 
The slit width of the spectrograph was set at 
201. The grating was retated from the counter 
reading 427 to 460 in order to cover t he range 
o 6 
from 3300 A to 3500 A • A one meter long,one 
inch diameter absorption cell with quartz windows 
at both ends was used to acheive a one meter 
pathlength. The 2 m mul tiple reflection cell 
was used to change the path length from 2 m to 
8 m. The dispersion of t he spectrum was O.065A/mm. 
2. The first order high resolution absorption 
spectra of CH3CHO and its isotopic compounds 
such as CH3CDO, CD3CHO and CD3CDO were recorded 
on t he 20 ft Ebert spectrograph with the 
holographic grating. The 2 m multiple reflection 
cell was used and the pathlength of 64 m was 
20 
s elected . The vapour pressures of all 
aceta ldehyde compounds were 30 mm Kg . 
The dispersion of the spectrum was 
o 
0 . 034 A/mm. 
( d) The Emission Spectrum of CH3CHO 
The T-shaped sample cell was used to 
contain the CH3CHO vapour in this proce,:it: re . 
The CH3CHO 'vapour vias allowed to flow through 
the cell by distilling liquid CH3CHO from 
a bulb through the vacuum line and condensing 
21 
the vapour in another bulb "which was surrounded 
by dry ice. The 250 Watt mercury-xenon arc 
lamp was used as the light source. The light 
from the lamp went through the 0 .25 m Ebert 
monochromator in such a way t ~at only the 
a 
light with wavelength of 3200 A was transmitted. 
The monochromatic light excited the CH3CHO 
vapour and emission occured. The fluorescence 
was detected by the 1 m Czerny-Turner spectro-
meter at a direction perpendicular to the 
direction of the mercury light . 
The set-up is illustrated in Fig 2 . 
The green fluorescence was obtained when 
a static system of CH3CHO was used . It proved 
(/g',7) 
to be the fl uorescence of biacetyl 
The fluorescence of CH3CHO in the flow system 
~as light blue. The vapour pressure of CH3CHO 
was maintained at 100 mm Hg. The slit width 
... las 400 r . 'l'he spectrum W'lS recorded in the 
" range from 3100 A to 3800 A with a scanning 
1 m czerny-TUrner spectrometer 
Photomultiplier 
0.25 m Ebert 
Monochromator 
~~\~~ Fluorescence 
from sample 
\ 
Lens 
source 
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Fig . 2 The Basic Features for t he Emission Apparatus . 
.' 
" speed 25 A/min. The voltage of the photo-
multiplier was 800 volts. The emission lines 
from a mercury pen ray lamp were used as the 
wavelength standard to calibrate the wavelength 
readings from the recorder . 
( e) The Excitation Spectrum of CH.,CHO 
The T-shaped cell was used and contained 
100 mm Hg pressure of CH3CHO. The 1000 vlatt 
xenon arc lamp was used as the light source . 
The light was sent into the Czerny-Turner 
spectrometer, and the transmit t ed monochromatic 
light went into the sample cell . The emitted 
radiation was detected by the photomultiplier 
which \1aS at a po~i tion perpendicular to the 
monochromatic light . 
The set- up is illustrated in Fig 3. 
A black box was used to cover the set- up. 
The dark current vIas bucked out by the dark 
current control of the recorde~ . The voltage 
for the photomultiplier was 800 volts . The 
I 
excitation spectrum of CH3C HO was recorded I 
.. 
from 4000 A to 3000 A with a scanning speed 
o 
25 A / min. 
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Fig. 3 The Apparatus for the Excitation Spectrum of CH3CHO 
1 m Czerny Turner 
spect rOll1eter 
" .--\ "r 
Photo- I 
I 
, mult ipJi elf 
" . ! 
.. ; 
... . 
.. , 
't ", .. 
• -l ....... 
Light sou rce 
~ Black bo x 
I 
.' /' 
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( f) Miscellaneous 
The 450 \.,att xe non arc lamp was used 
as the light s ource t hroughout procedure (a), 
(b) , and (c ). The spectra in Part Cal , ( b) and 
(c) were r ec orded on the Kodak spectrum analysis 
SA 1 film . The films were processed in Kodak 
0 - 19 developer and Kodak rapid fixer. 
The wavenumbers for the spectral lines for 
all s pectra were measured according to the 
dispersions of the spectra and the distance 
between the s pectral line and the iron wavelength 
standa rds . The iron wavelength standards were 
obtained from t he table of Crosswhite(19) and 
the table from N. R. C.(20) 
• 
The optical densities of the s pectra in part 
Ca) were measured by a Joyce- Loebl Model III C 
double beam microdensitome ter . 
CHAPTER 4 
Results 
( A) Observed Band Patterns 
In the present research , the low resolution abso~ption 
spectra recorded with the Baush and Lomb grating spectrograph 
for the four isot9Pic compounds of acetaldehyde at room 
temperature were used to compare with the calculated.satellite 
band patterns which will be described in the following section. 
The spectra are shown in Fig. 4. In these spectra, the 
point at a wavelength of 3500 A has been used to divide each 
spectrum into two zones of transitions. The bands at the 
o 
longer wavelength ( 7\> 3500 A ) zone showed themselves to be 
much simplier, but less intense structures when compared with 
" the bands in the shorter wavelength ( ~< 3500 A ) zone ( see 
Fig . Ij. ) . 
The other spectra obtained in Chapter 3 will be described 
in the l ast section of this Chapter . 
26 
Fig . 4 The Low Re solution Absorption Spectra for the four 
Isotopic Compounds of Acetaldehyde a t Room Temper-
ature and Low Te mperatures . 
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• The values of barrier heights, V3 , and the internal 
rotation constants, p' for the excited state were set 
abbitrarily in the trial calculations. The range of V~ was 
chosen to be between 200 cm- 1 and 600 cm-1 , and the value 
.e. 
of Fi was assumed toAequal to the ground state value. If 
both ground state and excited state constants of V3 and P 
are known, the torsional satellite band pattern for the 
isotopic compounds of acetaldehyde can then be obtained from 
the computer program mentioned in Chapter 1 • 
The output of t his computer program generated two 
kinds of satellite band patterns. The first one was the 
barriers-in-phase case which corresponded to two H- H staggered 
conformations of acetaldehyde in both electronic states . 
The second one was the barriers-out-of-phase case which 
corresponded to a H-H elcipsed conformation in the eKcited 
state and a H-H staggered conformation in the ground state. 
( see Fig. 5 ) 
The potential curves and the calculated satellite band 
patterns for CH3CHO in the in-phase caSe and the out-of-phase 
case are illustrated in Figs .? and 6 respectively. In 
Figs . 6 and 7 the torsional angle ¢ of 0 ,120,240 deg 
corresponded to a H-H elcipsed conformation while the ¢ 
of 60 ,1 80, 300 deg corresponded to a H- H staggered conformation. 
30 
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In the ground state the structural parameters of CH7. CDO 
::; 
were assumed to the same as CH3CHO and the barrier height 
4 -1 for CH3CDO was assumed to be 00 cm • 
The ground state moments of inertia and the internal 
rotation constants, F , for the four isotopic compounds of 
acetaldehyde were then calculated from their ground state 
structural parameters according to equation (5) and (7) in 
Chapter 2 . The values are listed in Table 4. 
Table 4 
Moments of inertia ( Ia ' Ib ,Ic ) and internal 
rotation constants ( F") for four isotopic compounds 
of acetaldehyde 
Compound 
2 ( amu A ) 
CH3CHO 8. 933 49. 741 
CH3CDO 10. 599 50. 346 
CD3CHO 12. 114 58. 853 
OD3CDO 14. 456 58. 936 
55. 553 
57 . 823 
64. 672 
55. 553 
F" 
-1 (cm ) 
7. 679 
7.056 
4. 988 
4. 440 
( B) Calculated Band Patterns 
The ground sta te structures of t he isotopic compounds 
(10 ) 
of acetaldehyde have been studi ed by Kilb; Lin and Wilson . • 
The ground state structural parameters and the barriers t o 
int ernal rotation for CH3CHO, CD3CHO and CD3CDO obtained by 
these workers are list ed in Table 3, with r and 9 representing 
the bond length and the bond angle respectively. 
Table 3 
Structural Parame ters and Barrier He i gh ts 
for Isotopic Compounds of Acetaldehyde 
Structural parameters 
:> 
r ( c-c ) ::: 1. 5005 A 
" r ( c=o ) ::: 1 . 2155 A 
9 ( ) 0 c- c=o = 123 55 
• 108"16 
; 
Nethyl r ( c-H ) ::: 1.086 A 9 ( HCR ) ::: 
'" 108" 32 I r ( c - D ) ::: 1.088 A , Q ( DCD ) ::: 
' .<> r) 
Aldehyde r ( c-H ) ::: 1. 114 fi , Q ( c-c-H ) = 117 29' 
r ( c-D ) = r ( c-H) assumed 
Q ( c~c -,H ) ::: Q ( c-c- D ) assumed 
Barrier 'heights 
V3 ( CR3CHO ) = 406. Lr2 cm- 1 
V3 ( CD3CHO ) ::: 402 . 57 cm- 1 
V3 I CD3CDO ) 399 . 77 cm- 1 ~ ::: 
. j 
Fig. 5 
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The Conformations in the excited states illustrating 
the barriers-in-phase case and the barriers- out -of-
phase case 
• 1 
H-oJ----' 
Ba rriers- in-phase Case 
A ij z:' / c- c. f ~ 
: 
o 
H 
Barriers-out-of-pha,se Case 
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Fig. 6 Potential Curves, Energy Levels, Principal T~ansitions 
and Calculated Satellite Band Structure for Torsional 
Electronic Transition of CH3CHO- Barriers-in- phase 
case : 
'1 
V~ = 511 cm- ' , F' = 8. 089 cm- 1 
" -1 II - 1 V3 = 406 . 42 em , F = 7. 679 cm 
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Fig. 7 Potential Curves, Energy Levels, Principal Transitions 
and Calculated Satell ite Band Structure for Torsional 
Electronic Transition of CH3CHO - Barriers-out-of-phase 
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Hhen the barrier height in the excited state was changed 
from 200 cm-' to 600 cm- 1 , the patterns with different energy 
spacings were produced . An example for CH3CHO in the barriers-
in-phase case is illustrated in Fig. 8 and an example for 
CH3CHO in the barriers -out- of- phase case is illustrated in 
Fig . 9 • 
In the patterns for the barrier s - in- phase case , the 
strongest band was the 0- 0 band and the intensities of the other 
bahds decreased rapidly . In the patterns for the barriers-
out- of-phase case , the 0- 0 band was weak and the intensities 
of the other bands did not decrease rapidly, so that more 
tBansitions were active in the spectrum. 
II 
The notation ( v ~v ) was used to label the 
transition . For example , represented a transition 
from a ground state, v=O , A level to an excited stat e, 
v = L~ , A level . 
Fig. 8 The Calculated Satellite Band Structure for the 
Electronic Transitions involving the Torsional 
l'1ode of CH3C HO - Barriers-in-phase case : 
" -1 It . -1 V3 = 406.42 em F = F = 7. 679 em 
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Fig. 9 The Calculated Satellite Band Structure for the 
Electronic Transitions involving the Torsional 
Mode of CH3C HO - Barriers-out-of-phase case 
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( C ) Comparison between the Calculated and Observed Band 
Pattern 
Each of the two cal culated patterns , i.e . one for 
the barriers- in-phase case and one for the barriers- out- of-
phase case was compared to the bands in both z ones in the 
observed spectrum. 
o 
The bands in the longer wavelength ( ~ > 3500 A ) zone 
were selected to compare with the ca l culated satellite band 
patterns. The patterns for the barriers- in-phase case and for 
the barriers-0ut- of- phase case were used respectively. 
In the barriers- in- phase case , two things were found 
when the strongest band in the longer wavelength zone was 
assigned to be t he 0-0 band in the calculated pattern 
firstly, the energy spacings among the observed bands were 
different from t he calculated s pacings and secondly, the 
intensi ties of t he observed bands did not decrease rapidly 
as sho\om in Fig . 8 • Therefore , the assumption that for 
the tVIO barriers s hould be in phase \"/ i t h r e s pect to each 
other was rejected . 
The observed spectrum was than compared with the 
pat terns for t he barriers- out-of-phase case. Here , the 
bbserved satellite band structures were found t o be more 
similar to the calculated band structures than in the 
barr iers- in-phase case. 
.' 
The excited state barrier heights in the selected 
calculated pattern were close to 500 cm- 1 • 
The comparison between the trace of optical 
densi ties and the calculated band pat~erns f or the four 
isotopic compounds of ade taldehyde are shown in Fig . 10 • 
- ;:- 39 
Fig . 10 The Comparison between the Densitometer Trace of 
the Absorpt ion Spectra and the Calculated Band 
Satellite Patterns of the four Isotopic Compounds 
of Acetaldehyde: A) CH3CHO , B) CB)CDO , C) CD3CHO, 
D) CD3CDO 
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A least squares programme was used to obtain 
a reasonable fit for the transition energies . The input 
data included the uarrier heights , the internal rotation 
constants for both ground and excited states and the 
frequency of the 0-0 band. After a few rounds of cal-
culations, a satifactory fit for the observed and calculated 
transitions was generated as well as the new values ,for 
the barrier height, the internal rotation constant and 
the frequen~y of the 0-0 band. 
The assigned transitions involving the torsiional mode 
of the isotopic compounds of acetaldehyde are shown in 
Tables 5, 6, 7 and 8. 
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Table 5 
The Observed and the Calculated Electronic Transitions 
involving the Torsional Hode of C~CHO from the Least 
Squares Analysis 
v" 
0 
0 
0 
1 
2 
3 
2 
1 
1 
A 
E 
A 
A 
A 
E 
E 
A 
E 
observed 
fre Eluency 
28173 
28082 
27973 
27697 
27413 
27322 
27573 
28007 
27845 
precision calculated residue 
frequency 
( cm- 1 ) 
2. 0 28171 . 6 1. 4 
2. 0 28082 . 2 -0 . 2 
3. 0 27974. 8 -1.8 
2. 0 27697 . 5 -0 . 5 
2. 0 27413. 7 -0. 7 
2. 0 27321 . 5 0 • .5 
3. 0 27569. 7 3. 3 
2. 0 28006. 8 0. 2 
2. 0 27845. 5 - 0. 5 
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Table 6 
The Observed and the Calcul a ted Electronic Tnans itions 
i nvolving the Torsional Mode of CH3CDO in the leas t 
Squares Analysis 
, 
v " v 6' observed precision calculated r esidue 
frequency 
4 0 A 28215 
2 0 A 28035 
1 0 ... , J.J 27903 
1 1 A 27760 
2 2 E 27783 
0 1 E 27597 
0 2 A 27484 
3 0 T.' J.:J 28138 
0 3 E 27397 
( 
2. 0 
2.0 
2. 0 
2. 0 
2. 0 
2. 0 
2.0 
l~ .O 
2. 0 
-1 
cm ) 
f requency 
28215. 3 -0.3 
28034. 9 0. 1 
27901 . 3 1. 7 
27760. 2 -0.2 
27782. 3 0. 7 
27595. 8 1.2 
27485 . 6 -1.6 
28138 .1 - 0 .1 
27398 . 0 -1.0 
Table 7 
The Observed and the Calculated Electronic Transitions 
involving the Torsional l'1ode of CD3CHO in the Least 
Squares Analysis 
v' V" observed precision calculated residue 
frequen cy frequency 
(cm- 1 ) 
2 2 A 27710 2. 0 27708 . 3 1. 7 
3 1 E 27908 2. 0 27909 . 9 -1.9 
3 1 A 27916 2.0 27918.4 - 2. 4 
3 0 E 28033 2. 0 28031 . 3 1. 7 
4 0 A 28096 2. 0 28096 . 3 - 0. 3 
4 1 E 28004 3. 0 28001. 0 3. 0 
4 0 E 28125 3. 0 28122 . 4 2. 6 
4 2 E 27893 2. 0 27893 . 3 - 0. 3 
Tabl e 8 
The ~bserved and Calculated Elect r onic Transitions 
involving the Torsional Mode of CD3CDO in the Least 
Squares Analysis 
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t 
V " v obser ve d pre cision calculated residue 
frequency frequenc y 
2 1 E 27856 2. 0 27856 . 0 0. 0 
1 1 A 27711-1; 2. 0 27740. 4 0. 6 
3 1 A 27961 2. 0 27960 . 0 1. 0 
0 4 A 27379 2. 0 27377 . 3 1. 7 
1 3 A 27540 2. 0 27542. 1 - 2. 1 
4 0 A 28140 2. 0 28140 . 5 - 0. 5 
3 0 E 28075 3. 0 28070 . 7 4. 3 
4 1 E 28046 2. 0 28044. 8 1. 2 
2 2 A 27752 2. 0 27754 . 0 - 2. 0 
The new 0-0 band frequencies , the barrier heights and the 
internal rotation constants for the four isotopic compounds 
of acetaldehyde calculated by the least squares procedure are 
listed in Table 9. 
Table 9 
, 
The Refined Constants (V F' , YO-4 ) for the 
( -1 ) four Isotopic Compounds of Acetaldehyde in cm 
Compound VI 
CH3CHO 472.65 8.945 27673 .1 
CH3CDO 490.35 7.747 27736.5 
CD3CHO 484.05 4.482 27689.8 
CD3CDO 502.02 '+.158 27729.3 
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( D) Miscellaneous Findings 
The long path length ( 91.43 m ) and low resolution 
absorption spectrum of CH3CHO is illustrated in Fig. 11. 
In Fig. 11 , some of the weak bands with wavelengths longer 
than 3664 A were observed. Under the conditions of high 
pressure and long path length, the singlet-triplet transition 
of acetaldehyde is expected to be observed. 
Portions of the first order hi gh resolution spectra 
for the four isotopic compounds of acetaldehyde are illustrated 
in Fig. 12. The position of the 0-0 bands are indicated by 
the arrows in Fig. 12 • 
A part of the 17 th order high resolution spectrum of 
CH3CHO is illustrated in Fig. 13 • It showed that the bands 
o 
near 3500 A were diffuse and weak, and the posit ion of 
0-0 band could not be recorded. 
The fluorescence and the excitation spectra of CH3CHO 
are shown in Fig. 14. The intercept of these two curves 
indicated the 0-0 band to be at 3620 A (27624 cm-1 ). 
Fig. 11 The Long Path Length and Low Resolution Absorption 
Spectrum of CH3CHO 
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Portions of t he Firs t Order High Resolution Absorption 
Spectra of f our Isotopic Compounds of Acetaldehyde 
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Fig. 13 The 17 t h Order High Resolution Absorption 
Spectrum of CH3CHO 
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Fig. 14 The Fluorescence and t he Excitation Spectra 
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CHAPTER 5 
Discussion 
At the initial stage of the calculation, the barri er height 
of acetaldehyde in the excited state was unknown, so that it was 
necessary to make s ome predictions about the magnitude of the 
barrier before using the value to obtain the satellite band 
pattern. The methods based on the approximate molecular orbital 
theory were used to compute the barrier height . The computer 
(28) 
programs based on these theories \iere MINDO 3 and INDO . In 
these methods of calculation, the structural parameters of the 
molecule were required to remain t he same in both conformations, 
except for the torsional angle . In the HINDO 3 program , the 
structural parameters of the molecule for each conformation 
were optimized and therefore the computed barrier hei,ht was 
different from the experimental barrier height . In the INDO 
program , the Cartesian coordinates of each atom of the molecule 
were used instead of the structural parameters. In the case of 
a cetaldehyde , the barrier height of the ground state was found 
to be 406 cm-1 and this value WaS compared with the computed 
values from the above two computer programs . 
By using NINDO 3, five parameters of acetaldehyde were 
optimized, except for the C-H bond lengths and the H~C-H bond 
angles of the methyl group. The two torsional angles, 0 and 
60 respectively, represented the two conformations in the 
51 
.' 
ground state and the c omput ed energy difference be tween these 
two conf ormati ons wa s 110 .29 cm- 1 • The coordinates of the 
52 
atoms corresponding to the ground state s t ructure of acetaldehyde 
were used a s the input f or t he INDO programme and the calculated 
energy diff erence between the two conforma tions was 220 . 98 cm-1 • 
It wa s found that both MI NDO 3 and INDO could generate lower 
values of barrier height t han the experimental value and the 
most stable conforma tion in ground state was the one with one 
methyl hydrogen eclipsing the C=O bond. When the excited state, 
i.e. the triplet sta te , was considered, t he calculated barrier 
N 6 -1 height by using MI DO 3 was 9. 23 cm and the value from 
-1 INDO wa s 77 cm • The values obtained by t hese two programmes 
a re listed in Table 10. 
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Table 10 
The Calculated Energy Difference for two Conformations 
of CH3CHO using NINDO 3 and INDO 
Conformation 
Torsional Angle 
Total Energy MINDO 3 
Total Energy INDO 
MINDO 3 
INDO 
Experimental 
Total Energy MINDO 3 
Total Energy I NDO 
MINDO 3 
INDO 
Ground State 
H-H eclipsed 
<> ¢ = 0 
* 
-624.2993 e.v. 
** 
- 34.1908 a.u. 
Calculat ed Energy Difference 
-1 
+ 110.29 cm 
-1 
+ 220.98 cm 
-1 
+ 406. 42 cm 
Excited State 
-621.2725 e . v . 
- 34.0766 a.u. 
Calculated Energy Difference 
- 69.23 
+ 77.62 
-1 
cm 
-1 
em 
* 1 e.v. = 8050 .25 -1 em 
** 1 a.u. = 2.19066 )( 105 em-l 
H-O eclipsed 
¢ = 60" 
-624.3130 e.v. 
- 34 .1918 a.u. 
-621. 2639 e.v. 
- 34.0769 a.u. 
In ~l!able 10 the most stable conformation in the excited 
state was the H- H eclipsed conformation according to the MINDO 3 
calculation, but from the INDO calculation the most stable 
conformation was H-O e«lipsed conformation . The MINDO 3 and 
INDO ground state values had the factor of ~ and ~ of the 
ground state experimental value respectively, so that the 
predicted excited state values were 280 cm for MINDO 3 and 
154 em for INDO. Because the results from these two calcul-
ations were contradi ctory to each other and the ground state 
calculated values were too low when compared with the experi-
mental values, none of the predicted values were reliable f or 
the satellite band pattern calculation. Therefore , in this 
research the only way to compare the observed band patterns with 
the calculated band patterns was to set the barrier height in 
the excited sta te arbitrarity. 
The comparisons be~ween the observed and the calculated 
band patterns of the four isotopic compounds of acetaldehyde 
showed that the patterns from the barrier- out-of-phase case 
were active in the absorption spectra. Surprisingly, the 
patterns generated by the barriers-in-phase cases could not 
be found in the observed spectra, however, it should appear 
in the spectra according to the HINDO 3 and INDO predictions 
due to the potential curves changing the phases in the excited 
state. It was assumed that vhe conformational H-H staggered 
isomer might have a much higher energy than the H-H eclipsed 
isomer in the excited state, therefore, the only band pattern 
was found to be the one in the barriers-out-of-phaSe case. 
The barrier heights for t he fou r isotopic compounds of 
acetaldehyde were expected to have nearly equal values in 
the excited state, because their ground state values had 
only Z 10 % difference. This assumption could be confirmed 
by the fact that the refined values of excited state barriers 
of the four isotopic compounds v/ere close to 500 cm- 1 • The 
refined values for the internal rotation constants were 
changed t 10 % of their ground state values. This showed 
that the geometrical s t ructures of the compounds in their 
excited states were different from those in the ground states. 
The changes of the structures could be possibly due to the 
lengthening of C=O bond and C-C ~ond , or the aldehyde hydrogen 
moving out of the symmetry plane. For example, if the aldehyde 
o 
hydrogen was out of the plane with a small angle,i.e. 5 , the 
55 
internal rotation constant of CHJ CHO would 
to 7.6804 cm- 1 • 
-1 
change from 7.679 cm 
The isotopic shifts due to the deuterium substitution 
are listed and compared with other similar substitution in 
Table 11 . 
Table 11 
Isotopic Shifts of 0- 0 bands for Deuterium Substitution 
Compounds Isotopic Shifts ( cm - 1 ) Ref . 
CH3CHO and CH3CDO 63 . 4 This work 
CD3CHO and CD3CDO 40 This wor k 
C2H202 and C2HD02 20 ( 22 ) 
H2C=CH- CHO and H2C=CH-CDO 30 ( 23 ) 
HC=C - CHO and HC;C- Cno 43 . 6 ( 24- ) 
DC=C-CHO and DC=C- CDO 43 . 69 ( 24- ) 
CH3CDO and CD3CDO 7 . 2 This work 
CH3CHO and CD3CHO 16.7 This work 
( CH3CO ) 2 and ( CD3CO )2 23 ( 25 ) 
H2CO and D2CO 113 ( 26 ) 
The shift for CH3CHO and CH3CDO was expected to be equal 
to the shift for CD3CHO and CD3CDO, and similarly, the shift 
57 
because the values were obtained from the same type of substitution. 
In Table 11, the shift for CD3CHO and CD3CDO was in agreement with 
the values from the other compounds, but the shift for CH3CHO 
and CH3CDO was found to have a much larger value. The shift 
for CH3CDO and CD3CDO was in agreement with the value for ( CH3CO )2 
and ( CD3CO )2. It suggested that the 0-0 band of CH3C HO was in 
-1 e~ror by 10 em • The comparisons f or the observed and calcualted 
band patterns, which vere based on the origin at 27683 cm- 1 , were 
found not to be in agreement with the result of the least squares 
fit programme . If a better comparison was found between the 
observed and the calculated band patterns, it mi ght improve the 
refined value of the 0-0 band position of CH3C HO , and the shifts 
between the above two sets of compounds would be nearly equal. 
The unassigned transitions in the spectrum of CH3CHO might 
be related to the progressions whi ch were formed by the transitions 
be tween the vibrationally induced electronic states. From the 
irregularity of the energy spacings of these progressi ons, it 
was suggested t hat the s election rules of the transitions might 
be different from those f or the allowed electronic transitions . 
Future detailed studies of these progressions would be of 
great value in confirming the true position of the 0-0 band of 
acetaldehyde and the assignment of perturbing vibration. 
-' 
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